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Strawberries are the fifth most demanded fruit in the United States, with most 
eaten raw. Fresh strawberries are prone to on-farm contamination as evident by the 
number of foodborne disease outbreaks attributed to their consumption. Between 1997 
and 2017, 32 strawberry-related outbreaks were reported, sickening 933 U.S. Americans. 
Proper implementation of risk management practices (RMP) can decrease strawberry 
exposure to foodborne pathogens. Most U.S. strawberry farms consist of very small-size 
operations, presenting unique challenges for implementing RMP. On-farm environmental 
assessments on small strawberry farms can be used to identify factors associated with 
RMP implementation. Two objectives guided this research: (1) determine the relationship 
between environmental characteristics (i.e., physical attributes) of produce farms and 
RMP and (2) determine the physical attributes of very small to small-sized strawberry 
farms (two acres or less) in the southeastern United States (SEUS) for implementation of 
RMP.  
A systematic literature review was first conducted to determine the relationship 
between the physical attributes of produce farms and implementation of RMP. We 
followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
principles to conduct our search. A total of 36 studies were included in our final analysis. 
Our quality assessment results showed that studies on this topic needed to be more 
rigorously designed and executed (e.g., powering sample sizes and training data 
collectors) to yield better quality evidence. Agricultural waters were the most common 
physical attribute assessed, with many farms reporting the use of unsafe water sources. 
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Hygiene aids, such as accessible handwashing facilities, were also reported to be lacking 
across many farms. Animal intrusion measures were the least commonly assessed 
physical attribute. Only one study tested the relationship between on-farm physical 
attributes and implementation of RMP, reporting a positive relationship between 
accessible handwashing and worker hygiene practices.  
Additionally, an on-farm environmental assessment of strawberry farms, 2 acres 
or less, in the SEUS was conducted to collect data about farm physical attributes to 
implement RMP related to -- worker health and hygiene, agricultural water, animal 
control, biological soil amendments, harvesting and packing, storage and transportation, 
miscellaneous, and post-harvest handling and sanitation. Farms were assessed using a 
checklist and by creating a map of each farm layout. Descriptive statistics were 
performed to determine frequency of physical attributes. Compliance scores of physical 
attributes were calculated using a scoring system for each RMP. The analysis included 20 
farms in 10 SEUS states. The common characteristics of these strawberry farms were the 
use of the plasticulture method, the use of the U-pick method, the use of mixed cropping 
system, and the use of seasonal and H-2A workers. The most common physical attributes 
were drip system for irrigation (n=20), adequate bathrooms and handwashing stations 
(n=19), and animal control prevention measures (n=18). Nearly all (n=19) did not have a 
body fluid spill kit. Also, over half (n=11) did not have a safe irrigation water source. The 
compliance score analysis results showed that more farms had physical attributes related 
to control of animal (90%, 18), but more attention should be paid for the food safety 
signage (55%, 11) on farms. 
iv 
DEDICATION 
I would like to dedicate this thesis work to my family and friends. I would like to 
extend my sincere gratitude to my loving husband, Niroshan Siva, who encouraged me 
and helped me constantly in every work. I also would like to dedicate this thesis to my 
loving parents, K. B. Jayawardhana, Rupa K Samarakoon, and my sister, Deepika K 
Jayawardhana, who have always looked after me and holding me throughout my life. I 
dedicate this work to my in-laws, L. Siva, G. Karthigayini, and S. Nilucshan, who always 
cheer me up and for being there for me throughout this entire master program. 
v 
ACKNOWLEDGMENTS 
I would like to extend my sincere gratitude to my advisor, Dr. Angela M Fraser, 
for giving me the opportunity to work on this meaningful project. Without her excellent 
guidance and tremendous support none of this would be possible. I am also very thankful 
for my other committee members, Dr. Xiuping Jiang and Dr. Bridgit Corbett, for their 
involvement, expertise, and advice throughout this process to make this project 
successful. I am also thankful to Dr. Kristin Gibson and Thomas Yeargin for their great 
support and advice throughout this project. I also would like to thank to Supun 
Chathuranga and Dr. Loan Thi Thanh Cao for their support to carrying out this research. 
Finally, I would like to thank National Institute of Food and Agriculture, United States 
Department of Agriculture for providing the financial support for this project. 
vi 
TABLE OF CONTENTS 
Page 
TITLE PAGE .................................................................................................................... i 
ABSTRACT ..................................................................................................................... ii 
DEDICATION ................................................................................................................ iv 
ACKNOWLEDGMENTS ............................................................................................... v 
LIST OF TABLES ........................................................................................................ viii 
LIST OF FIGURES ........................................................................................................ ix 
CHAPTER 
1. INTRODUCTION ......................................................................................... 1 
References ................................................................................................ 9 
2. THE RELATIONSHIP BETWEEN ENVIRONMENTAL
 CHARACTERISTICS AND RISK MANAGEMENT 
 PRACTICES ON PRODUCE FARMS: A SYSTEMATIC 
LITERATURE REVIEW ...................................................................... 13 
Abstract .................................................................................................. 13 
Introduction ............................................................................................ 14 
Methods.................................................................................................. 17 
Results .................................................................................................... 23 
Discussion .............................................................................................. 40 
Limitations ............................................................................................. 44 
Conclusions ............................................................................................ 45 
References .............................................................................................. 47 
3. ON-FARM ASSESSMENT OF VERY
SMALL TO SMALL-SIZED STRAWBERRY FARMS IN 
THE SOUTHEASTERN UNITED STATES ........................................ 57 
Abstract .................................................................................................. 57 
Introduction ............................................................................................ 58 
Methods.................................................................................................. 60 
Results .................................................................................................... 64 
vii 
Table of Contents (Continued) 
Page 
Discussion .............................................................................................. 78 
Limitations ............................................................................................. 83 
Conclusions ............................................................................................ 83 
References .............................................................................................. 85 
4. CONCLUSIONS.......................................................................................... 90
APPENDICES ............................................................................................................... 93 
A: Grower Consent Form.................................................................................. 94 
B: Data Collector Interest Form ....................................................................... 96 
C: Data Collection Instruction Form ................................................................ 98 
D: Environmental Assessment Checklist ........................................................ 104 
E: Post-Harvest Addendum Checklist ............................................................ 124 
F: Data Collection Form Checklist ................................................................. 130 
G: Coding Manual........................................................................................... 131 
viii 
LIST OF TABLES 
Table Page 
CHAPTER 2 
1 Search keywords used for the systematic literature search .......................... 18 
2 Criteria used to score methods of the articles. ............................................. 22 
3 Demographics and characteristics of studies included in 
systematic literature review (N=36) ...................................................... 26 
4 Results of the quality assessment of methods of eligible studies (N=36) ... 30 
5 Comparison of measured outcomes related to physical attributes 
 and risk management practices across studies designed to 
 assess the produce farm environment (N=36) ...................................... 34 
6 Reported correlation between risk management practices and 
 microbial prevalence across studies conducting microbial 
analysis as a part of the study method (N=11). ...................................... 39 
CHAPTER 3 
1 Characteristics of strawberry farms (N=20) ................................................ 65 
2 Physical attributes associated with implementation of pre-harvest RMP .... 71 
3 Physical attributes associated with post-harvest handling and sanitation .... 75 
4 Summary of compliance scores calculated for physical attributes 
 to implement RMP ................................................................................ 77 
ix 
LIST OF FIGURES 
Figure Page 
CHAPTER 1 
1 Outbreaks related with produce contamination between 
1996 and 2014, likely prior to retail......................................................... 2 
2 Five sources of contamination identified in the Produce Safety Rule  .......... 4 
CHAPTER 2 
1 Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) flow chart describing the 
literature search procedure ..................................................................... 24 
CHAPTER 3 
1 Type of water source used for pre-harvest strawberry 
production activities (N=20) .................................................................. 67 
2 Type of water treatment methods used before pre-harvest 
 water application (N=20) ...................................................................... 68 
CHAPTER ONE 
INTRODUCTION 
Consumption of fruits and vegetables is an important part of a healthy and 
balanced diet, helping to protect us against major diseases, such as heart disease, stroke, 
and cancer (CDC, 2020; WHO, 2020). Not consuming a sufficient number of servings of 
fruits and vegetables on a regular basis is a risk factor for many chronic diseases (Hodder 
et al., 2020; WHO, 2020). As a result, many countries and health organizations have 
established initiatives to encourage the consumption of fruits and vegetables. For 
example, the World Health Organization (WHO) recommends one should eat at least 400 
g of fruits and vegetables per day to prevent chronic diseases (WHO, 2020). In the United 
States, the 2015–2020 Dietary Guidelines for Americans recommend individuals eat 2 
cups of fruits and 2.5 cups of vegetables each day (USDA, 2019b). Due to the reported 
nutritional benefits of fruits and vegetables, consumer demand for fruits and vegetables 
has increased. Between 2000 and 2013, the global per capita annual consumption of fruits 
and vegetables increased by 25% (FAO, 2020).  
With increased consumption, it has been suggested the number of produce-related 
foodborne disease outbreaks might increase, as most produce is eaten raw -- a known risk 
factor for foodborne disease transmission (Bennett et al., 2018; Carstens et al., 2019). For 
example, between 1998 and 2013, there were 972 produce-related outbreaks reported in 
the United States, resulting in 34,674 cases of illness and 72 deaths, and the percentage of 
outbreaks attributed to produce also increased from 8% (1998 to 2001) to 16% (2010 to 
2013) (Bennett et al., 2018). According to U.S. Food and Drug Administration (FDA) 
1 
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data, between 1996 and 2014, 172 produce-related outbreaks attributed prior to retail 
were reported in the United States, resulting in 69 deaths (FDA, 2015). Of these, 85% 
were associated with eight produce categories -- sprouts, leafy greens, melons, tomatoes, 
herbs, cucumbers, green onions, and berries (FDA, 2015). 
* One outbreak of Cyclospora associated with raspberries in 1997 accounts for 1,012 illnesses, with no
information on hospitalizations and deaths.
** Two outbreaks in 2004 were associated with mesclun lettuce and/or basil.
*** “Other” includes one outbreak associated with each of the following commodities: celery, hazelnuts,
hot peppers, pine nuts, pistachios, snow peas, and squash. The single Salmonella Saintpaul outbreak
associated with hot peppers accounts for 1,535 illnesses, 308 hospitalizations, and 2 deaths.
+ Five outbreaks during this time period were associated with unknown produce; while no specific produce
item was identified as the vehicle for these outbreaks, various produce items were found to be
epidemiologically associated with illness.
Figure 1. Outbreaks related with produce contamination between 1996 and 2014, likely 
prior to retail (Source: Final Qualitative Assessment of Risk to Public Health from On-
Farm Contamination of Produce, FDA, 2015). 
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A variety of pathogens have been attributed to produce-related outbreaks, 
including bacteria (Escherichia coli O157:H7, Salmonella spp., Listeria monocytogens, 
Shigella spp.), viruses (Hepatitis A virus, Norovirus), and parasites (Cryptosporidium 
parvum, Cyclospora cayetanesis, Giardia lamblia) (FDA, 2015). According to FDA data, 
between 1996 to 2014, bacteria were associated with most produce-related outbreaks 
(85%), followed by parasites (12%), and viruses (2%) (D’Lima et al., 2011; Merriweather 
et al., 2015). 
Pathogens can contaminate produce at any point along the farm-to-table 
continuum -- production, processing, distribution, and preparation (Bartz et al., 2017; 
CDC, 2017). However, implementation of produce safety is challenging because, after 
contamination has occurred, it is difficult to remove pathogens, particularly because a 
large percentage of produce is eaten raw. According to the Produce Safety Alliance 
(PSA) (2020), the main reasons behind produce safety challenges include: 
(1) No pathogen-killing steps are involved before consumption, as produce are 
often eaten raw.  
(2) Produce contamination events are often sporadic, so it is difficult to know that 
contamination has occurred. 
(3) Contamination is difficult to detect visually because microorganisms are not 
visible. 
(4) Contamination is generally present at very low levels and difficult to detect 
through product testing. 
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(5) The characteristics of produce, including rough surfaces (e.g., cantaloupes), 
natural openings (e.g., strawberries), large folded surface areas (e.g. leafy 
greens), and stem scars (e.g. tomatoes), provide niches for pathogens to hide 
in, making it difficult to remove the pathogens. 
Therefore, it is important to ensure the safety of produce by minimizing pathogen 
contamination at the first stage of the farm-to-table continuum -- the production stage. 
During the production stage, produce can be contaminated from many sources in 
the farm environment. Common sources of contamination on a farm are worker health 
and hygiene, agricultural water, biological soil amendments of animal origin, 









Figure 2. Five sources of contamination identified in the Produce Safety Rule. 
  
In the mid-1990s, concerns about the microbial food safety of produce emerged 



















coli O157:H7 in mesclun mix lettuce in Connecticut and Illinois) and imported produce 
(Cyclospora in imported Guatemalan raspberries) (Buzby, 2003; FDA, 1998). To 
decrease the risk for contamination at the production stage -- growing, harvesting, 
packing, and holding -- guidelines and standards centered around risk management 
practices (RMP) were developed by government and industry groups. In 1998, the U.S. 
Food and Drug Administration (FDA) formalized these guidelines and standards in the 
Guide to Minimize Microbial Food Safety Hazards for Fresh Fruits and Vegetables 
(FDA, 1998). In addition, in 2007 the California Leafy Green Products Handler 
Marketing Agreement was created, following an outbreak associated with spinach to 
ensure safe leafy greens in order to increase confidence in Leafy Green Products Handler 
Marketing Agreement food safety programs (California LGMA, 2020). Despite all these 
voluntary guidelines being in place, produce-related foodborne outbreaks continue to 
occur. In response, the FDA established the Food Safety Modernization Act (FSMA) 
Final Rule on Standards for the Safe Growing, Harvesting, Packing, and Holding of 
Fruits and Vegetables Grown for Human Consumption, hereafter referred to as the 
Produce Safety Rule (PSR),  as the first on-farm mandatory guideline for produce 
destined for consumption in the United States (FDA, 2020a). Other countries also 
adopted produce safety standards to communicate RMP, such as CanadaGAP in Canada, 
ASIAGAP in Japan, and GLOBALG.A.P., as a worldwide standard for good agricultural 
practices (CANADAGAP, 2020; GLOBALG.A.P., 2020; JGF, 2018). 
Government, industry, and researchers primarily communicate RMP to growers 
through training programs according to standards and guidelines. In the United States, the 
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PSA Grower Training program is the only approved program used to meet the training 
requirements of the PSR. It requires that at least one supervisor or responsible party of a 
farm that has more than US$25,000 in produce sales to be trained, as well as those that 
are not defined as qualified exempt (FDA, 2020a). To our knowledge, no other country 
has mandated produce safety training programs for produce growers.  
The body of evidence demonstrating the effect of training on RMP is still very 
limited (Laury-Shaw et al., 2015). The conceptual framework for most training programs 
centers around changing knowledge, with the assumption that practices will improve as 
knowledge increases (Fraser & Simmons, 2017; Kline et al., 2012; Mahmoud et al., 2016; 
Nayak et al., 2015; Shaw et al., 2015). Few studies have measured the attitudes and 
beliefs of growers about RMP or, more importantly, the transfer of knowledge gained to 
implementation of practices (Laury-Shaw et al., 2015; Nayak et al., 2015). Although 
more than 20 years have passed since food safety initiatives were established and 
government, industries, and universities have delivered numerous training programs to 
growers, produce-related foodborne outbreaks continue to occur.  
Many factors can impact the transfer of “training” knowledge to implementation 
of RMP. One possible reason for why training might not have the desired effect is that 
generic training, the most common delivery approach, might not adequately address the 
unique needs of individual growers, as farms vary widely in terms of acreage, 
commodities grown, production practices, and available resources (Clements & Bihn, 
2019). For example, the PSA Grower Training program is offered for all produce growers 
covered by the PSR (Produce Safety Alliance, 2020). As a result, the program may not 
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address the unique attributes of each farm. Another possible reason could be that, even 
when growers are adequately trained, the lack of resources (i.e., human, financial, or 
physical) or the nature of the production environment may impede the transfer of 
knowledge into practice. For example, one study involving 1,273 local food producers 
(i.e., growers, packers, aggregators, and processors) reported that financial resources, 
time, and facility infrastructure were the three main barriers to implementing RMP (Bihn 
et al., 2019). These reasons imply the environmental characteristics (i.e., physical 
attributes) of a farm are associated with the ability of a grower to properly implement 
RMP. Even though the financial burden of implementing the RMP required by the PSR 
has been studied (Lichtenberg and Page, 2016; Bovay et al., 2018), the relationship 
between environmental characteristics (i.e., physical attributes) of the farm and RMP has 
not been well studied. Therefore, we assert that the assessment of produce farm 
environmental characteristics (i.e., physical attributes) will enable us to better understand 
why RMP are not being properly implemented. 
As reported by previous research studies, farms that have less access to resources, 
such as very small and small-size farms, are less likely to implement RMP. For example, 
it has been reported that large-size growers invest more resources than small-size 
growers, suggesting large-size growers have more adequate resources to implement RMP 
(Astill et al., 2018; Parker et al., 2016). Furthermore, Adalja & Lichtenberg (2018) found 
that small growers were lagging behind larger growers in adoption of many of the RMP. 
Therefore, we believe that very small to small-sized farms might be at higher risk for 
foodborne diseases than larger farms. In addition, some of the very small  farms may also 
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be exempt from the PSR based on the sales minimum (<$25,000 annually) or receive 
qualified exemption (FDA, 2020b). Conducting an environmental assessment on very 
small to small-sized farms would enable us to have a better understanding of the physical 
attributes associated with RMP in very small to small-sized farm environments. The two 
objectives of this study were: (1) determine the relationship between environmental 
characteristics (i.e., physical attributes) of produce farms and RMP, and (2) determine the 
environmental characteristics (i.e., physical attributes) of very small to small-sized 
strawberry farms (2 acres or less) in the southeastern United States for implementation of 
RMP.  
These findings could then be used to inform the development of a strawberry-
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THE RELATIONSHIP BETWEEN ENVIRONMENTAL CHARACTERISTICS 
AND RISK MANAGEMENT PRACTICES ON PRODUCE FARMS: A 




Produce-associated foodborne disease outbreaks have increased worldwide, 
highlighting the importance of proper implementation of risk management practices 
(RMP). We conducted a systematic literature review to determine the relationship 
between environmental characteristics (i.e., physical attributes) of produce farms and 
implementation of RMP. Following Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses principles, we identified 36 studies to include in our analysis, in 
which most data were collected through surveys administered to growers in developed 
countries. Quality assessment results showed that studies on this topic should be more 
rigorously conducted (e.g., powering sample sizes and training data collectors) to yield 
better quality evidence. Agricultural waters were the most common environmental 
characteristic assessed, while animal intrusion RMP were the least commonly assessed. 
Safe water sources and hygiene aids (e.g., accessible handwashing facilities), were 
lacking across many farms. Only one study tested the relationship between on-farm 
physical attributes and RMP implementation reporting a positive relationship between 







Between 2000 and 2013, global per capita annual consumption of fruits and 
vegetables increased by 25% (FAO, 2019). With increased consumption, it is anticipated 
that the number of produce-associated foodborne disease outbreaks will likely increase 
since most produce is eaten raw -- a known risk factor for foodborne disease transmission 
(Carstens et al., 2019). In the United States, over nine million cases of foodborne disease 
are reported every year with 46% of cases attributed to produce (Painter et al., 2013). 
Between 1998 and 2013, 972 produce-associated outbreaks were reported in the United 
States, resulting in 34,674 cases of illness and 72 deaths (Bennett et al., 2018). During 
this same period, the percentage of outbreaks attributed to produce also increased from 
8% (1998 to 2001) to 16% (2010 to 2013) (Bennett et al., 2018). The European Union 
(2004 to 2012) and Canada (2008 to 2014) reported similar increases in the number of 
produce-associated outbreaks (Callejón et al., 2015; Bélanger et al., 2015).  
Contamination of produce can occur at any point along the farm-to-table 
continuum (Bartz et al., 2017; CDC, 2017). To our knowledge, no empirical data is 
available to identify at which point contamination is most common. However, the Food 
Safety Modernization Act (FSMA) Final Rule on Standards for the Safe Growing, 
Harvesting, Packing, and Holding of Fruits and Vegetables Grown for Human 
Consumption, hereafter referred to as the Produce Safety Rule (PSR), identifies five 
sources of contamination in the farm environment: worker health and hygiene, 
agricultural water, biological soil amendments (BSA) of animal origin, domesticated and 
wild animals, and equipment, tools and buildings (FDA, 2019). Risk management 
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practices (RMP) for these contamination sources are addressed in many regional/country-
level programs, such as the Global Good Agricultural Practices (GLOBALGAP), 
prepared by retail members of the Euro-Retailer Produce Working Group; the Guide to 
Minimize Microbial Food Safety Hazards for Fresh Fruits and Vegetables, prepared by 
the Food and Drug Administration and U.S. Department of Agriculture; and CanadaGAP 
(GLOBALGAP, 2020; FDA, 1998; CANADAGAP, 2020). 
To decrease the risk for contamination, training programs aimed to communicate 
RMP have been prepared by a number of governmental and industry groups. In fact, in 
the United States, training is now mandated under the PSR for growers earning more than 
US$25,000 in annual sales (3-year average, adjusted for inflation) of covered produce 
(i.e., produce likely to be consumed raw) and those that do not meet the criteria for 
qualified exemption (FDA, 2015). To our knowledge, no other country has mandated 
produce safety training programs for produce growers. The Produce Safety Alliance 
Grower Training program is the only approved training program in the United States to 
meet the training requirements of the PSR (Produce Safety Alliance, 2020). 
The body of evidence demonstrating the effect of training on RMP is still very 
limited (Laury-Shaw et al., 2015). The conceptual framework for most training programs 
centers around changing knowledge, with the assumption that practices will improve as 
knowledge increases (Fraser and Simmons, 2017; Mahmoud et al., 2016, Shaw et al., 
2015; Nayak et al., 2015; Kline et al., 2012). Few studies have measured the attitudes and 
beliefs of growers about RMP or, more importantly, the transfer of knowledge gained to 
implementation of RMP (Nayak et al., 2015; Laury-Shaw et al., 2015).  
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Many factors can impact the transfer of “training” knowledge in the 
implementation of RMP. For example, generic training, the most common delivery 
approach, might not adequately address the unique needs of individual growers as farms 
vary widely in terms of acreage, commodities grown, production practices, and available 
resources (Clements and Bihn, 2019). Even when growers are adequately trained, a lack 
of resources may impede the transfer of knowledge into practice. One study involving 
1,273 local food producers (i.e., growers, packers, aggregators, and processors) reported 
that financial resources, time, and facility infrastructure were the three main barriers to 
implementing RMP (Bihn et al., 2019). The financial burden of implementing RMP 
required by the PSR has also been studied (Lichtenberg and Page, 2016; Bovay et al., 
2018). However, the relationship between environmental characteristics (i.e., physical 
attributes) of the farm and RMP has not been well studied. We assert the environmental 
characteristics (i.e., physical attributes) of a farm are associated with the ability of a 
grower to implement RMP. The aim of this study was to determine the relationship 
between physical attributes of produce farms and RMP. Our research question was: what 
physical attributes are associated with implementation of RMP? Because there is no 
standard definition for physical attributes, we defined it as the physical attributes 
available on farms, such as toilets and handwashing facilities; equipment, tools, and 
buildings; types of agricultural water and BSA of animal origin; and farm constructions 
(e.g., fencing), used to implement RMP during the growing, harvesting, packing, and 
holding of produce for human consumption. We anticipate our findings can be used to 





We followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses principles to conduct our search. The six eligibility criteria were: (1) language -
- English, (2) publication period -- January 2000–August 2019, (3) geographical area -- 
world, (4) publication type -- peer-reviewed, (5) aim -- assessment of farm physical 
attributes, and (6) agriculture type -- produce. The eight selected online databases and 
search engines were: Academic OneFile, Academic Search Complete, Agricola, CAB 
Abstracts Archives, Food Science and Technology, General Science Full Text, Science 
Direct, and Web of Science. The search keywords related to on-farm produce safety that 




































“Produce safety” OR 
Assessment OR Produce OR “Food safety” OR 
Inspection OR Fruits OR “Food safety practice” OR 
Monitoring OR Vegetables “Good agricultural practice” OR 
Survey   “Grower practice” 
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The search keyword combination and input methods used were similar when 
searching all databases. Because Science Direct, a search engine, does not have a similar 
input option for search words, we entered our search word combination into the advanced 
search option as follows: “Find articles with these terms -- Audit OR Assessment OR 
Inspection OR Monitoring OR Survey”, “title, abstract, or author-specified keywords -- 
(Agriculture OR Produce OR Fruits OR Vegetables) AND (“Produce safety” OR “Food 
safety” OR “Food safety practice” OR “Good agricultural practice” OR “Grower 
practice”). We then refined the results by years (2000–2019), article type (research 
articles), and publication title (Food Control, International Journal of Food Microbiology, 
Food Policy, Food Microbiology, and Food Research International) to obtain relevant 
articles. For Web of Science, we used the topic option under basic search to input our 
search keywords. As Web of Science yielded 25,043 articles during our initial search, we 
eliminated the irrelevant articles by: (1) excluding the irrelevant databases (Zoological 
Record, KCI-Korean Journal Database, and Russian Science Citation Index) and (2) 
searching “Good agricultural practice OR Grower practice” within the results. The initial 
search was independently conducted by two researchers. 
 
Study Selection 
All articles resulting from the initial search were saved into Legacy RefWorks 
reference management software (RefWorks LLC, MD, USA), and duplicate articles were 
removed. Then, the title and abstract of each remaining article were screened using the 
six eligibility criteria (see Search strategy). If the title and abstract met our eligibility 
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criteria, then the full text was reviewed. Studies were eliminated if they used an 
inappropriate design (e.g., food safety economic assessment, microbiological study 
alone), were not conducted on a farm (e.g., export market, processing facility), or focused 
on irrelevant research areas (e.g., consumer perception). Also, we eliminated articles 
from our analysis if we could not obtain the full text or if it was a conference paper or a 
review article. The citation listings of all review articles were hand searched to identify 
additional articles to include in our study sample. Similarly, the citation listings of all 
articles obtained through full-text screening were hand searched and included in our 
analysis. Two independent reviewers analyzed all full-text articles and evaluated the 
quality of the study methods using a checklist that the research team created. Eligible 
articles were then categorized into direct assessment (DA), indirect assessment (IA), and 
mixed-method (MM) assessment studies. The physical attributes and RMP assessed by 
studies were categorized into seven assessment domains: (1) worker health and hygiene, 
(2) agricultural water, (3) animal control, (4) BSA of animal origin, (5) cleaning and 
sanitization, (6) harvesting, preparation, and packing, and (7) storage and transportation 
to facilitate the analysis. 
 
Quality Assessment 
A quality assessment of the study methods was performed using a checklist 
created by our research team because, to our knowledge, there is currently no recognized 
quality assessment checklist for agriculture research. The checklist consisted of eight 
items categorized into four domains -- study design (2 items), instrument/tool validation 
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(4 items), data collectors (1 item), and data (1 item) (Table 2). We used different scoring 
methods for each of our study types -- DA, IA, and MM -- because of the different data 
collection methods; thus, the quality criteria that we used cannot be applied to all three 
study types. The two researchers independently rated each item for each article (1=Yes, 
0=No or unable to determine, and NA=not applicable), discussed the findings, and 
reconciled differences between their assessments. The quality criteria used for the quality 
assessment is not applicable for the outbreak investigation studies, because they were 
carried out by federal agencies using case-control methods. Therefore, outbreak 
investigation studies (n=6) were not included in the quality assessment. Table 2 describes 
the criteria used to score the methods of the articles. All assessments were based on what 
the authors reported in the paper. Although the authors may have performed the study 
method in a way which met essential quality criteria, lack of adequate reporting may have 












Table 2. Criteria used to score methods of the articles. 
Quality Criteria Criterion is met if: 
Study design 
 Was the sample size appropriate?  Sample size represents at least 50% of the 
population reported by the authors. 
Was the sample recruitment 
procedure appropriate? 
The authors provided a sufficient description 
of the general population, the sample included, 
and the sample recruitment procedure so others 
can repeat the procedure. 
Instrument/tool validation 
 Was the protocol reviewed by 
experts? 
The authors validated the instrument/tool by 
expert reviewing. 
Have any reliability tests been 
conducted for the instrument? 
The authors validated the instrument/tool by 
conducting any reliability test for consistency 
and stability in measuring what it is intended 
to measure. 
Was the instrument developed by 
following an established standard? 
The author constructed the instrument/tool 
based on established produce safety standards 
(i.e., Produce Safety Rule, GLOBALGAP) or 
previously validated instrument/tool. 
Was the instrument pilot tested if 
the instrument constructed by the 
author? 
The authors pilot tested the instrument/tool to 
identify potential problem areas and 
deficiencies in the instrument/tool prior to 
implementation. 
Data collectors 
 Are data collectors trained prior to 
data collection? 
Data collectors were trained to assure the 
accuracy and consistency of the data 
collection.  
Data  
 Is data cleaned and checked for 
accuracy before analysis? 











Literature Search Strategy and Selection  
The initial search for relevant articles yielded 3,083 articles. After removal of 
duplicates, 2,142 articles were identified for possible inclusion in the sample by title and 
abstract screening. From title and abstract screening, 1,740 and 292 irrelevant articles 
were excluded, respectively. The full texts of the 110 remaining articles were reviewed, 
and 74 irrelevant articles were removed based on our eligibility criteria -- irrelevant study 
design (n=24), irrelevant research area (n=26), no full text (n=7), conference abstracts 
(n=4), review articles (n=5), book chapters/reports (n=2), irrelevant settings (n=4), and 
irrelevant outcomes (n=2). The citation listings of the five review articles were hand 
searched, and no additional articles were added. The citation listings of the 36 full-text 
articles were hand searched, resulting in six additional articles. A total of 42 articles were 
included in our study sample (Figure 1). Of the 42 studies, six studies were outbreak 
investigation studies (Calder et al., 2003; Gelting and Baloch, 2013; Buchholz et al., 
2011; Gelting et al., 2011; McCollum et al., 2013; Greene et al., 2008). Those studies 
were not included in quality assessment or analysis of study findings. Therefore, a total of 




























Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) flow chart describing the literature search procedure. 
Total 3083 articles identified through initial 
searching 
- Academic OneFile -- 117 
- Academic Search Complete -- 679 
- Agricola -- 391 
- Web of Science -- 343 
- Science Direct -- 466 
- CAB Abstract Archives -- 311 
- Food Science and Technology Abstract -- 
731 
- General Science Full Text -- 45 
 
 
2142 records identified for title screening  
402 records identified for abstract screening  
110 records identified for full-text screening 
74 irrelevant records removed 
- Irrelevant study designs -- 24 
- Irrelevant research areas -- 26 
- No full-text -- 7 
- Conference abstracts -- 4 
- Review articles -- 5 
- book chapters/reports -- 2 
- Irrelevant settings -- 4 
- Irrelevant outcomes -- 2 
292 irrelevant records removed  
1740 irrelevant records removed 
941 duplicate records removed 
























No records added from review 
article citation listing 
36 records identified for citation listing search 






Eligible articles were assigned to one of three categories based on data collection 
method [DA (n=5), IA (n=25), and MM (n=6)], which allowed us to better compare study 
characteristics (Table 3). The DA category included studies in which data was collected 
through on-farm visits. Studies in which data were remotely collected using surveys or 
interviews or on-farms were assigned to the IA category. Studies using both direct and 
indirect assessment methods were included in the MM category. All eligible studies were 
published between 2002 and 2018 and were conducted in 12 countries: 21 in the United 
States, 3 in Brazil, 3 in South Africa, and 1 each in Belgium, Canada, Greece, Lebanon, 
The Netherlands, Rwanda, Trinidad and Tobago, Turkey, and the United Kingdom. Most 
studies focused on vegetable growing environments (n=32) as opposed to fruit growing 
environments (n=16), and 12 studies focused on both types. The sample size for DA 
(number of farms) and MM (number of growers) studies ranged from 1 to 166 and 1 to 
198, respectively. The sample size (number of growers) for IA studies ranged from 3 to 
666. Various methods were used to collect data. For example, DA studies used on-site 
observations (n=5) and microbial analysis (n=3), whereas IA studies used surveys (n=20), 
interviews (n=5), and microbial analysis (n=4). MM studies used both DA and IA 
methods, such as on-site observations, interviews, and microbial analysis, to collect data. 
 
 
















































Direct assessment studiesa          
Faour-Klingbeil et al., 2016 Lebanon  x 10 x     
Luedtke et al., 2003 Canada  x 166 x  x  x 
da Cruz et al., 2006 Brazil  x 1 x    x 
Pate & Nummer, 2013 USA x  6 x     
Kokkinakis et al., 2007 Greece  x 4 x    x 
Indirect assessment studiesb          
Bartz et al., 2015 Brazil  x 3    x x 
Öner & Ișın, 2013 Turkey x  122  x    
Ganpat et al., 2014 Trinidad & Tobago  x 196  x    
Laury-Shaw et al., 2015  USA x x 70   x x  
Adalja & Lichtenberg, 2018 USA x x 394    x  
Van Asseldonk et al., 2018 Netherlands  x 42   x x  
Bihn et al., 2013 USA x x 84    x  
Dzingirayi & Korsten, 2016 South Africa  x 10  x x   
Harrison et al., 2013 USA x x 226    x  
Lewis Ivey et al., 2012 USA  x 210    x  
Mdluli et al., 2013 South Africa  x 73  x   x 

















































Park et al., 2014 USA  x 12    x  
Pires et al., 2018 USA x x 666    x  
Soon, 2012 UK  x 12  x    
Cohen et al., 2005 USA x  297    x  
Hultberg et al., 2012 USA  x 246    x  
Lichtenberg & Page, 2016 USA  x 47    x  
Marine et al., 2016 USA x x 313   x x  
Rangarajan et al., 2002 USA x x 213    x  
Sinkel et al., 2018 USA x x 160    x  
Tong et al., 2017 USA  x 39    x x 
Jackson et al., 2007 USA x x 596    x  
Baur et al., 2016 USA x x 588    x  
Beretti & Stuart, 2008 USA  x 181    x  
Mix method studiesc          
Duvenage & Korsten, 2017 South Africa x  1 x x   x 
Hamilton et al., 2015 USA  x 27 x   x  
Ellis et al., 2005 USA x x 9 x x    
Rodrigues et al., 2014 Brazil  x 3 x x   x 
Holvoet et al., 2015 Belgium  x 8  x  x x 
Ssemanda et al., 2018 Rwanda  x 198 x   x x 
x, represents each study’s compliance to the measured demographics and characteristics.   
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a Data collectors observed the physical attributes or risk management practices and collected the data through on-site visits. 
b Studies collected the data from produce growers through indirect methods (i.e., survey or interview). 





Quality scores ranged from 0 to 3 for DA and MM studies and 0 to 18 for IA 
studies (Table 4). A common weakness across all studies was that none checked the 
accuracy of the data before analysis. Further, only one study reported that data collectors 
were trained before the data collection (Hamilton et al., 2015). Most studies (n=29) did 
not have an adequate sample size except for two DA studies (Luedtke et al., 2003; da 
Cruz et al., 2006) and five IA studies (Öner and Isin, 2013; Mukherjee et al., 2007; Soon, 
2012; Marine et al., 2016; Baur et al., 2016). Only two DA studies and three MM studies 
used appropriate sampling procedures, but most IA studies (n=18) used appropriate 
sampling procedures. In addition, most DA (n=3), IA (n=17), and MM (n=6) studies 














Table 4: Results of the quality assessment of methods of eligible studies (N=36). 






Item number Quality criteria 
Total quality score of articles 













Study Design (2 points) 
 Was the sample size appropriate?  2 5 0 
 Was the sample recruitment procedure appropriate? 2 18 3 
Instrument/tool validation (4 points) 
 Was the protocol reviewed by experts? 0 8 1 
 Have any reliability tests been conducted for the instrument? 1 3 3 
 Was the instrument developed by following an established standard? 3 8 3 
 Was the instrument pilot tested if the instrument constructed by the 
author? 0 9 
0 
Data Collectors (1 point) 
 Are data collectors trained prior data collection? 0 0* 1 
Data (1 point)    
 Is data cleaned and checked for accuracy before analysis? 0 0 0 
 
 
Physical Attributes  
Physical attributes are presented across the seven assessment domains in Table 5. 
Among those, the most commonly assessed factor was agricultural water (n=24), 
followed by worker health and hygiene (n=20), BSA of animal origin (n=17), cleaning 
and sanitizing (n=11), storage and transportation (n=11), harvesting, preparation, and 
packing (n=11), and animal control (n=6). The findings associated with harvesting, 
preparation, and packing, as well as with storage and transportation were not included 
because the study data were not applicable to our research question. Nearly all studies 
(n=35) reported the presence/absence or the conditions of the physical attributes on farms 
without determining if there was any statistical relationship between physical attributes 
and RMP. 
Studies that assessed agricultural water (n=24) mainly focused on water source 
(n=20) and/or water treatment methods (n=4). For example, Soon (2012) reported that 9 
of 12 farms in their study did not treat surface water and well water prior to irrigation, but 
most farms (75% of 12 farms) tested their irrigation water at least annually. On one peach 
farm, Duvenage and Korsten (2017) reported the farm used untreated or untested water, 
reportedly mitigating the risk of microbial contamination by using drip irrigation systems. 
More than half of New York growers (57% of 84 growers) used surface water for 
irrigation, with 85% using overhead irrigation, and did not report other irrigation water 
sources or irrigation methods (Bihn et al., 2013).  
Sanitary facilities associated with worker health and hygiene (e.g., available 
toilets and handwashing stations) were reported in 13 studies. Of these, nine reported that 
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toilets or handwashing stations were accessible to workers, but only four reported that the 
toilets on most farms (>50%) were within the ¼ mile distance required by Occupational 
Safety and Health Administration (OSHA) (USDOL, 2008) or were located near fields 
(Bartz et al., 2015; Laury-Shaw et al., 2015; Harrison et al., 2013; Pate and Nummer, 
2013). Of the six studies that assessed the presence of handwashing aids (e.g., clean 
water, soap, and paper towels), four reported that more than 50% of farms had 
handwashing aids required for proper handwashing (Laury-Shaw et al., 2015; Harrison et 
al., 2013; Sinkel et al., 2018; Cohen et al., 2005) with only one reporting less than half 
(41%) of the 27 farms in their sample as having proper handwashing aids (Hamilton et 
al., 2015). 
BSA of animal origin were reported in 17 studies, with nearly all (n=15) assessing 
the type of BSA of animal origin used by growers. According to a study by Pires and 
colleagues (2018), 58.3% of 356 U.S. growers who were surveyed reported using raw 
manure, and over 90.7% respondents who used raw manure indicated using the 90-120-
day waiting period between application and harvest. Further, these same authors assessed 
storage of BSA of animal origin and reported that only 13.6% of 309 U.S. growers stored 
raw or untreated manure in containers or indoor facilities, whereas 76.9% stored in piles, 
and 15.9% used storage pits (Pires et al., 2018). In only one study was personal protective 
equipment associated with manure handling assessed (Ganpat et al., 2014). However, 
these investigators did not report what personal protective equipment was available or the 
relationship between personal protective equipment and manure handling practices 
(Ganpat et al., 2014).  
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The attributes of cleaning and sanitization of equipment and tools were reported 
in 11 studies. The following cleaning agents were reported in four studies: soap, vinegar, 
mild detergent, bleach solution, sulfur/citric solution, ammonia, steam, and/or water 
(Harrison et al., 2013; Soon, 2012; Cohen et al., 2005; Ellis et al., 2005). Inadequate 
sanitizing practices for equipment and tools after cleaning were also reported in four 
studies (Luedtke et al., 2003; da Cruz et al., 2006; Harrison et al., 2013; Ellis et al., 
2005). According to Cohen and colleagues (2005), only 28% of 127 farms used bleach or 
a sanitizing solution, and most used soap with water (35%) or water alone (37%). In 
addition, less than 40% of farms sanitized the equipment, tools, and/or food-contact 
surfaces (Harrison et al., 2013; Soon, 2012; Ellis et al., 2005). It was also reported that 
33% of 44 farms used the same equipment to haul crops as well as handle garbage and 
waste (Soon, 2012). Five study authors reported that equipment and tools were 
hygienically designed. 
Animal control measures were assessed in six studies. In those studies, fences 
were commonly used (da Cruz et al., 2006; Soon, 2012; Baur et al., 2016; Beretti and 
Stuart, 2008) with additional control measures reported such as falconers, owl boxes, 
non-poison traps, poison baits, and copper sulfate (Baur et al., 2016; Beretti and Stuart, 
2008). Laury-Shaw et al. (2015) reported only 24% of 41 U.S growers controlled wild 
animal contact through fencing or other methods. Further, six study authors reported that 
wild and/or domestic animals have access to production fields as well as water sources 
(Faour-Klingbeil et al., 2016; Bartz et al., 2015; Harrison et al., 2013; Marine et al., 2016; 
Duvenage and Korsten, 2017; Rodrigues et al., 2014)
Table 5. Comparison of measured outcomes related to physical attributes and risk management practices across studies designed to 
assess the produce farm environment (N=36). 
Author 
































































































































































































































Direct assessment studies 
1 Faour-Klingbeil et al., 2016 x x x x x 
2 Luedtke et al., 2003 x x x x x 
3 da Cruz et al., 2006 x x x x x x x x x x 
4 Pate & Nummer, 2013 x x x 
5 Kokkinakis et al., 2007 x x* x* x x x x x x 
Indirect assessment studies 
6 Bartz et al., 2015 x x x x x x x x x x 
7 Öner & Ișın, 2013 x x* x x* 
8 Ganpat et al., 2014 x x x x x x x x x x x 
9 Laury-Shaw et al., 2015  x x x x 
10 Adalja & Lichtenberg, 2018 x x x x x x 
11 Van Asseldonk et al., 2018 x x 
12 Bihn et al., 2013 x x 
13 Dzingirayi & Korsten, 2016 x* x* x* x* x* x* x* x* x* 
14 Harrison et al., 2013 x x x x x x x x x x 
15 Lewis Ivey et al., 2012 x x x x 
16 Mdluli et al., 2013 x x x x x x 




































































































































































































































18 Park et al., 2014 x x x x 
19 Pires et al., 2018 x x 
20 Soon, 2012 x x x x x x x x x x x x x x 
21 Cohen et al., 2005 x x x x x x x x x x 
22 Hultberg et al., 2012 x x x x x x x x x 
23 Lichtenberg & Page, 2016 x* x* x x x x x 
24 Marine et al., 2016 x x x x x x 
25 Rangarajan et al., 2002 x x x x x 
26 Sinkel et al., 2018 x x x* x* x x x x* x x* 
27 Tong et al., 2017 x x x x x x x 
28 Jackson et al., 2007 x* x* 
29 Baur et al., 2016 x x x x x 
30 Beretti & Stuart, 2008 x x x 
Mixed method studies 
31 Hamilton et al., 2015 x x x x x x x x x x 
32 Duvenage & Korsten, 2017 x x x x x x 
33 Ellis et al., 2005 x x x x x x x x x x x x 
34 Rodrigues et al., 2014 x* x* x* x* x* x* x* x* x* x* x* x* 
35 Holvoet et al., 2015 x* x x x x* x* x* x x x x* x* x* 
36 Ssemanda et al., 2018 x* x* x* x* x 
x, represents the measured outcomes related to physical attributes and risk management practices across studies. 
a Indicated the risk management practices conducted by growers before the workshop. 
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* Studies measured the outcome as a whole food safety management system; studies did not separately report the physical attributes and risk management
practices.
Relationship between Physical Attributes and RMP 
Only one study performed statistical data analysis to determine the relationship 
between physical attributes and RMP (Pate and Nummer, 2013). The remaining studies 
simply reported the presence/absence or condition of physical attributes. Pate and 
Nummer (2013) reported a significant difference in the frequency of handwashing among 
farmworkers who received adequate handwashing aids than those who did not receive 
adequate handwashing aids. However, four studies did determine the relationship 
between compliance with GAP standards and implementation of RMP. Of those, three 
reported that GAP-certified farms practiced RMP more frequently than non-certified 
farms (Ganpat et al., 2014; Oner and Isin, 2013; Kokkinakis et al., 2007). In addition, 
growers with knowledge of GAPs were reported to more likely provide handwashing and 
toilet facilities for their workers as compared to growers without knowledge about GAPs 
(Jackson et al., 2007). 
Relationship between RMP and Presence of Microorganisms 
Of the 36 studies, 11 included a microbiological analysis as a part of their study 
method (Table 6). Of those, only two studies determined the relationship between RMP 
and the presence of microorganisms (Mukherjee et al.,2007; Holvoet et al., 2015). In 
these two studies, use of animal waste in fertilization of fresh fruits and vegetables 
significantly increased the risk of Escherichia coli in fresh produce grown in semi-
organic and organic farms (Mukherjee et al. 2007). Further, Mukherjee et al. (2007) 
reported that the aging of non-composted manure for more than six months contributed 
37
38 
significantly to reducing the risk of E. coli. According to both studies, the risk of E. coli 
was significantly higher at farms that used cattle manure than farms that used poultry, 
hog, and/or horse manure or treated organic fertilizer (Mukherjee et al., 2007; Holvoet et 
al., 2015). In addition, Holvoet et al. (2015) analyzed the prevalence of microorganisms 
in borehole and open well water and found that E. coli, coliforms, enterococci, and total 
psychrotrophic aerobic bacterial counts were significantly higher in open well water 
compared to the borehole water. 
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Table 6. Reported correlation between risk management practices and microbial 



























































































1 Duvenage & Korsten, 2017  x x  x   
2 Luedtke et al., 2003  x   x x  
3 da Cruz et al., 2006 x x  x x  x 
4 Kokkinakis et al., 2007 x x  x x x x 
5 Bartz et al., 2015 x x x x    
6 Mdluli et al., 2013 x x  x x   
7 Mukherjee et al., 2007    x/⁕    
8 Tong et al., 2017  x  x  x x 
9 Rodrigues et al., 2014 x x  x x x x 
10 Holvoet et al., 2015 x x/⁕ x x/⁕ x x x 
11 Ssemanda et al., 2018  x x x    
x, represents the measured risk management practices across the studies. 













Most (26 of 36) studies included in our sample were conducted in developed 
countries, and thus, the results cannot be easily transferred to developing countries, as 
resources, regulations, and farming systems are widely different (Grace, 2017; Oloo et 
al., 2018). Given that developing countries are primary exporters of fruits and vegetables, 
particularly to developed countries, studies need to be conducted in these countries to 
help us better understand potential contamination risks for imported product that is 
associated with physical attributes (Frankowska et al., 2019; Denis et al., 2016; Johnson, 
2016). Most investigators (n=23) administered surveys rather than conducted on-farm 
observations, which allows one to collect data from a large sample size over a large 
geographic region. The disadvantage though is that surveys are dependent on recall vs. 
real-time observations, possibly making the results less reliable. On-farm observations 
were not commonly performed, presumably because they are more expensive and time 
consuming to conduct (Driscoll, 2011; Phellas et al., 2011; Muijs, 2010). Moreover, the 
sample size is typically smaller than in surveys, and the results are not generalizable to 
the target population of interest (Kadam and Bhalerao, 2010). On-farm observations in 
conjunction with surveys could provide a more comprehensive data set to understand 







The scores were low for all quality criteria, except for the validation of the 
instrument/tool, suggesting future studies need to be more rigorously designed and 
executed. For example, many studies in our sample did not report powering their sample 
size (Kadam and Bhalerao, 2010). In addition, most studies did not report training the 
data collectors on implementation of the study protocol, which could result in 
inconsistency among data collectors, hence unreliable data sets (Phellas et al., 2011). 
Lastly, the data sets were not cleaned or checked for accuracy before analysis, which 
could lead to poor analyses and improper conclusions (Salkind, 2010). It is important to 
note that these results were based on what the authors reported in the paper so these tasks 
might have been performed. 
 
Physical Attributes 
Physical attributes of agricultural water were commonly assessed, presumably 
because of how important water is in agricultural production as well as the number of 
produce-associated outbreaks attributed to contaminated water (Produce Safety Alliance, 
2020; CDC, 2020; Jay et al., 2007; Söderström et al., 2008). The use of high risk water 
sources, the lack of water treatments, and the use of unsafe water application methods 
were all reported, illustrating that there are many opportunities to contaminate produce 
during growing activities (Castro-Rosas et al., 2012; Ensink et al., 2007; Karg and 
Drechsel, 2011; Steele and Odumeru, 2004). Possible reasons for using unsafe sources 
could be the cost associated with water treatment, grower’s lack of concern about source 
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water quality, and grower perceptions about water quality (Parker et al., 2012). Although 
farms have toilets and handwashing stations, these sanitary facilities were often not 
located at a convenient distance, making it difficult to follow hygienic practices 
(Harrison, 2017; Rangarajan et al., 2000; Produce Safety Alliance, 2020; Soon and 
Baines, 2012). Renting toilets and handwashing stations, providing clean water and 
handwashing materials, and maintaining those facilities can be expensive (Harrison, 
2017; Volk, 2017; Woods and Thornsbury, 2005). This may lead to purchasing an 
inadequate number of toilets and handwashing stations for workers, possibly explaining 
why these facilities were not conveniently located. 
Some farms used untreated BSA of animal origin. To produce pathogen-free 
composted manure, growers need additional money, time, physical attributes, and 
knowledge regarding proper composting (FDA, 2018; Wander, 2015; Produce Safety 
Alliance, 2020). Therefore, farms that do not have adequate physical attributes to 
properly compost manure might use raw manure (FDA, 2018). Only one study assessed 
the types of BSA of animal origin storage (Pires et al., 2018). Most farms in Pires et al 
(2018) study stored BSA of animal origin in piles with a lack of protective measures, 
such as covers, berms, and fences, which are needed to reduce cross-contamination from 
BSA of animal origin piles (Suslow et al., 2004; Brandl, 2006; Produce Safety Alliance, 
2020). 
In four studies, growers reported using different types of cleaning and sanitization 
materials. Of those, some farms only used water for cleaning and sanitization of 
equipment and tools. This practice could be due to lack of awareness by growers about 
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proper cleaning and sanitizing to reduce pathogen levels, the inability to afford suitable 
cleaning and sanitizing products, or the unavailability of proper cleaning and sanitization 
agents (Clements and Bihn, 2019). In addition, growers’ lack of concern regarding 
cleaning and sanitization could also be the cause (Parker et al., 2012). 
Animal control was the least assessed factor. The most common animal deterrent 
used was fences. Although the initial cost for fences is high, growers may use fences 
because of their effectiveness and the long-term advantages in reducing recurring 
damages (VerCauteren et al., 2006; Rice, 2014). One of the issues reported regarding 
animal control was wild and/or domesticated animal access to production fields and water 
sources (Decol et al., 2017). This could be due to the lack of availability of deterrents that 
require additional money and maintenance (Rice, 2014), ineffectiveness of preventive 
measures used (Parker et al., 2012), and deliberate or unintentional allowing of livestock 
or pets to the production areas without the knowledge that animal feces can spread human 
pathogens. 
 
Relationship between Physical Attributes and RMP 
Only one study tested the relationship between physical attributes and RMP (Pate 
and Nummer, 2013). This study revealed that availability of handwashing materials 
significantly increased the frequency of handwashing by workers. Most workers are only 
paid for their designated tasks; therefore, workers may not be willing to spend additional 
time on sanitary practices (Soon and Baines, 2012). Providing adequate resources may 
reduce the barriers and motivate workers to follow proper hygienic practices (Pilling et 
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al., 2008; Soon and Baines, 2012). However, further studies need to be carried out to 
determine the relationship between other physical attributes and RMP. 
 
Relationship between RMP and Microbial Prevalence 
Not surprisingly, the use of cattle manure significantly increased the risk of E. 
coli contamination, most likely because ruminants, such as cattle, naturally have E. coli, 
including pathogenic, Shiga toxin-producing E. coli such as O157:H7 in their intestines; 
thus, they often shed higher numbers of pathogenic E. coli than other animals (Grauke et 
al., 2002; FDA, 2018; Berry et al., 2013; Tabe et al., 2016). In addition to BSA of animal 
origin, microbial prevalence was significantly higher in open well water rather than 
borehole water, presumably, because borehole water is better protected from external 
contamination sources than open well water (Gwimbi, 2011). The disadvantage is that 
construction of borehole wells requires additional money and specialized equipment, 
which may not be affordable to farms with limited resources. 
 
LIMITATIONS 
This review was conducted using eight databases and search engines that were 
available through the Clemson University library system. Other relevant databases and 
search engines might be available. In addition, we only reviewed articles published in 
English, so we might have excluded relevant articles written in other languages. Lastly, 
because some studies did not clearly differentiate between the physical attributes and 




Our review highlighted the physical attributes available to implement RMP on 
produce farms based on 36 individual studies. Although some farms had the physical 
attributes to implement RMP, such as sanitary facilities and handwashing aids, other 
farms did not, which adversely impacts these farms’ ability to implement RMP. It is 
presumed that the cost of implementing RMP is a key factor. Thus, educational 
interventions need to address how to use existing or lower cost resources as opposed to 
requiring additional monetary inputs. Ease in implementing RMP and grower perceptions 
about the importance of RMP might also influence resource availability. Future studies 
should aim to identify grower perceptions and barriers to implementation of RMP. Lastly, 
the resources need to implement RMP variably according to the type of produce grown as 
well as the production system. Therefore, produce specific on-farm environmental 
assessments will be valuable for identifying resources needed for RMP implementation. 
Such findings can be used to inform the development of interventions that are 
commodity-specific. 
Most studies in our sample reported the presence/absence and/or the conditions of 
the physical attributes with only one study testing the relationship between the physical 
attributes and RMP. This illustrates the need to determine these relationships between 
physical attributes and implementation of RMP. In addition, more studies should be 
conducted in developing countries given the volume of produce imports into developed 
countries such as the United States (USDA, 2018). The quality assessment of the studies 
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suggests that future work should be more rigorously designed and executed as well as 
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ON-FARM ASSESSMENT OF VERY SMALL TO SMALL-SIZED 
STRAWBERRY FARMS IN THE SOUTHEASTERN UNITED STATES 
 
ABSTRACT 
Fresh strawberries are prone to on-farm contamination, as evident by the number 
of reported foodborne disease outbreaks attributed to strawberries. Very small strawberry 
farms are common in the United States, hence, ensuring the safety of fresh strawberries 
grown on these farms is important. We conducted an on-farm assessment of 20 
strawberry farms that were 2 acres or less in the 10 southeastern United States to collect 
data about farm physical attributes to implement risk management practices related to -- 
worker health and hygiene, agricultural water, animal control, biological soil 
amendments of animal origin, harvesting and packing, storage and transportation, 
miscellaneous, and post-harvest handling and sanitation. We performed descriptive 
statistics to determine the frequency of physical attributes, and compliance scores of 
physical attributes were calculated using a scoring system for each risk management 
practices. All 20 farms used plasticulture to grow strawberries, and mixed cropping was 
used on 19 farms. All (20) used a drip irrigation system and 19 had an adequate number 
of sanitary facilities. Nearly all (19) did not have a body fluid spill kit. Also, over half 
(11) did not have a safe irrigation water source. The compliance scores showed that more 
farms addressed animal control attributes (90%, 18) with far less addressing food safety 
signage (55%, 11). These findings can be used to inform interventions targeting very 




 Strawberries (Fragaria × ananassa) is the third largest non-citrus fruit crop in the 
United States with an estimated value of US$2.5 billion (USDA, 2020a). According to 
the 2017 U.S. Census of Agriculture data, there were 8964 of strawberry farms spread 
over 60,162 acres in the United States (USDA, 2019a). California (90%) and Florida 
(9%) are the largest U.S. strawberry growers with the remaining 1% collectively 
produced by all other states (USDA, 2020b).  
On-farm contamination of fresh strawberries occurs as evident by the number of 
reported foodborne disease outbreaks (Laidler et al., 2013; Palumbo et al., 2013). 
Between 1997 and 2017, 32 strawberry-related foodborne disease outbreaks were 
reported, sickening 933 people in the United States (CDC, 2018). Pathogens commonly 
associated with strawberries are Shiga toxin-producing Escherichia coli, Salmonella, 
Cyclospora, Norovirus, and Hepatitis A virus (CDC, 2018). Based on the microbiological 
hazards criteria associated with fresh produce, strawberries are classified as a Level 2 
Priority, meaning they are in the second highest concern group for microbial 
contamination (FAO/WHO, 2008). Strawberries are susceptible to microbial 
contamination because they are hand harvested, not washed before packing, and grow 
close to the soil (Christman et al., 2019; Guajardo et al., 2018; Harris et al., 2013; 
McGlynn & Brandenberger, 2016; Palumbo et al., 2013; Produce Safety Alliance, 2020; 
Rodas et al., 2009). In addition, the surface characteristics of strawberries provide niches 
for pathogens to hide, making it difficult to remove (Guajardo et al., 2018; Produce 
Safety Alliance, 2020). Strawberries can also become contaminated by animals, 
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agricultural water, biological soil amendments of animal origin (BSAAO), and 
contaminated equipment, tools, and buildings at the farm level (FDA, 2019). Lastly and 
very importantly, they are mostly eaten raw so there is no kill step to eliminate 
pathogens. 
Enhancing the safety of fresh produce, including strawberries, is a priority of the 
Food Safety Modernization Act Produce Safety Rule (PSR). The Produce Safety 
Alliance, the only FDA-recognized grower training program, delivers training aimed to 
increase the knowledge of produce growers on how to better implement risk management 
practices (RMP). At present, training is not mandatory under the PSR for very small 
produce growers earning less than US$25,000 in annual sales (3-year average, adjusted 
for inflation), resulting in RMP possibly not being implemented on exempted farms. 
Because 66% of the U.S. strawberry farms are between 0.1 and 0.9 acres, ensuring the 
safety of fresh strawberries grown on very small farms is important (USDA, 2019a) 
particularly due to the expansion of farmers markets and an interest in locally grown 
produce that are sourced by small farms (Samtani et al., 2019).  
New approaches are needed to facilitate implementation of RMP on very small 
strawberry farms. Implementation science methodology could be used to inform 
strategies to facilitate implementation of RMP. One underlying principle is that setting 
context is necessary for successful implementation of an intervention (Nilsen & 
Bernhardsson, 2019), highlighting the need to assess the on-farm environment. To date, 
most studies conducted with strawberry growers have solely focused on assessing RMP 
(Adalja & Lichtenberg, 2018; Jackson et al., 2007; Mukherjee et al., 2007; Rangarajan et 
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al., 2002), but to the best of our knowledge, no studies have focused on characterizing the 
strawberry growing environment.  
We aimed to determine the physical attributes of very small to small-sized 
strawberry farms (two acres or less) in the SEUS that are associated with implementation 
of RMP. Our research question was: what physical attributes are available to implement 
RMP on very small to small-sized strawberry farms in the SEUS? Because there is no 
standard definition for “very small” and “small-sized” farms in terms of farm size, we 




The study protocol was submitted and approved by the Clemson University 
Institutional Review Board. Informed consent was obtained from the growers or their 
representatives before the site visits were conducted.  
 
Sample Selection 
 Our target population was very small to small-sized strawberry farms that are 2 
acres or less, across 13 SEUS states -- Alabama, Arkansas, Florida, Georgia, Kentucky, 
Louisiana, Mississippi, North Carolina, Oklahoma, South Carolina, Tennessee, Texas, 
and Virginia. Two or more strawberry farms (2 acres or less) from each SEUS state were 





 We recruited 14 food safety experts from 10 of 13 SEUS states who worked with 
strawberry growers in the SEUS to be data collectors. These data collectors were 
expected to: (1) recruit two farms in their state and (2) conduct on-farm visits. A 30-
minute training webinar about data collection procedures was conducted before data 
collection began.  
 
Instrument Development 
 Site visits were conducted using an Environmental Assessment (EA) Checklist, 
which was developed by the research team. The EA Checklist was based on the United 
States Department of Agriculture (USDA) Harmonized GAP standard and the Produce 
Safety Alliance Grower Training Curriculum (FDA, 2019; USDA, 2019b). The checklist 
included items in eight categories: (1) farm information, (2) worker health and hygiene, 
(3) agricultural water, (4) animal control, (5) biological soil amendments of animal origin 
(BSAAO), (6) harvesting and packing, (7) storage and transportation, and (8) 
miscellaneous. A Post-Harvest Addendum (PHA) Checklist was also created to assess the 
physical attributes on some farms, when appropriate, and was based on grower responses 
to some items in the EA Checklist. In the PHA Checklist, items were in three assessment 
categories: (1) post-harvest -- handling and sanitization, (2) post-harvest -- processing, 
and (3) post-harvest -- storage and transportation. Both checklists were reviewed by two 
produce safety experts for relevance and clarity of all items, and revisions were made 
based on the feedback from experts. The checklists were pilot tested on two Florida 
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strawberry farms. A coding manual was developed to define the encoding process of 
categorical data.  
 
Data Collection  
 Site visits were conducted between June 2020 and October 2020. Farms were 
assigned a unique identification number. Data collection started with the EA Checklist. 
Data was recorded by checking “Yes” for compliance and “No” for non-compliance. 
Additional details relevant to each category observable during farm visits were recorded 
in the “comments” or “additional comments” sections of the checklists. A map of the 
farm layout was drawn, including all farm features, such as strawberry production fields, 
potential contamination sources (e.g., BSSAO piles, animal pens), and farm structures 
(e.g., agriculture water source, post-harvest facility, bathrooms, handwashing stations 
(HWS), fence). Data collectors used a 0.25 grid sheet to map the farms, and 6 data 
collectors used Google Maps to assist in the farm mapping. The shortest and longest 
distance between toilets and/or HWS and produce handling areas were measured to 
calculate the average distance for worker accessibility to the sanitary facilities. The 
shortest distance between contamination sources and produce handling areas/water 
sources were measured to assess the possibility for produce contamination. The PSR 
currently does not state how far contamination sources, such as animal shed and BSAAO 
piles, should be located from production fields or agricultural water sources. According 
to the Centers for Disease Control and Prevention (CDC), a drinking water well should 
be located at minimum of 50 feet from a livestock yard, and at minimum of 250 feet from 
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a manure pile to minimize the potential contaminations (CDC, 2009). Therefore, in this 
study, we defined the safe proximity of strawberry production fields and agricultural 
water sources as at least 50 feet from an animal shed and 250 feet from a BSAAO 
storage. Photographs of the farm were taken if permitted by the grower. Data collectors 
completed a data collection form checklist to ensure all steps of the data collection 
process were finalized before leaving the farm. The time to complete on-farm 
assessments was approximately 1 to 2 hours. The tools required for data collection were 
provided to data collectors to complete the assessment. 
 
Data Management and Analysis  
 All data was entered in a Microsoft Excel spreadsheet and was coded according to 
the coding manual for conversion of observations into numeric values. All entered data 
was checked for accuracy by a research team member. Descriptive statistics on all 
variables were performed to determine the frequency of the physical attributes of the 
farms using JMP software (JMP, 14.1, SAS Institute Inc., Cary, NC). Compliance scores 
were calculated using a scoring system for physical attributes for each category -- (1) 
worker health and hygiene, (2) agricultural water, (3) animal control, (4) BSAAO, (5) 
harvesting and packing, (6) storage and transportation, (7) miscellaneous, and (8) post-







 A total of 20 farms from 10 SEUS states -- Alabama, Arkansas, Georgia, 
Kentucky, Mississippi, North Carolina, Oklahoma, Tennessee, Texas, and Virginia -- 
were visited, and the assessment data from those 20 farms were used for the analysis. The 
sample size for each item varied as all items in the EA Checklist and PHA Checklist were 
not applicable to all farms.  
  
 Farm Characteristics 
Farm characteristics, including farm size, worker number, and worker type are 
represented in Table 1. The average acreage of strawberry farms was 1.2 acres, ranging 
from 0.1 to 2 acres. Crops, other than strawberries, such as tomatoes, squash, pumpkin, 
and apples, were grown on nearly all (n=19) farms. The plasticulture method was used by 
all (n=20) farms for strawberry production, with a greenhouse system being used by 3 
farms and matted row, high tunnel, and low tunnel methods used by 1 farm each. U-pick 
operation was common on most (n=14) farms and strawberry processing was carried out 





Table 1. Characteristics of strawberry farms (N=20).   
Item Sample Size (N*) 
Frequency of 
Farms (n) 
Total farm size   
 0 to 50 acres 
50 to 100 acres 
100 to 150 acres 
150 to 200 acres 
200 to 250 acres 
















Farm size allocated to grow 
produce 
  
 0 to 5 acres 
5 to 10 acres 
10 to 15 acres 
15 to 20 acres 














Total number of workers   
 1 to 5 workers 20 9 
 6 to 10 workers 20 5 
 11 to 15 workers 20 4 
 16 to 20 workers 20 1 
 >20 workers 20 1 
Types of part-time workersa   
 Seasonal 18 11 
 H-2A 18 5 
 Contract 18 1 
 Family 18 1 
 Summer helpers (Local 
kids) 
18 1 
* Sample size for each item may varied as all items in the checklists were not applicable to all farms and 
some items could not be assessed due to the strawberry off-season.  







Physical Attributes Associated with Implementation of Pre-Harvest RMP 
Worker Hygiene Practices 
 Of the 20 farms, 19 had bathrooms. All were adequate (1 bathroom per 20 
workers) and 18 were conveniently located (within ¼ mile distance of the working area). 
Bathrooms in all 19 farms had visibly clean toilets and had toiletry resources, such as 
toilet paper (n=19), trash receptacles (n=17), and wash water (n=15). Nearly half (n=9) 
had in-house toilets (Table 2). 
Of the 20 farms, 19 had adequate HWS. All the HWS were conveniently located 
(within ¼ mile distance of the working area), and on most (n=11) farms HWS were 
attached to the bathroom. All 19 had the necessary resources to wash hands, such as 
potable running water and soap, while 18 had single-use paper towels/hand dryers (Table 
2). Additional clothing, such as gloves, face masks, and boots/shoe covers, were provided 
to workers by 14 growers, with gloves being the most (n=13) commonly provided item 
(Table 2). Only one farm had a body fluid kit. 
 
Agricultural Water Practices 
 All 20 strawberry farms used a drip irrigation system and 17 had back-flow 
devices installed on water distribution systems. Most farms used groundwater, followed 
by municipal water and surface water as the production water source (Figure 1). Only a 
few farms treated groundwater or surface water before application -- irrigation (n=4), 
frost protection (n=1), pesticide application (n=2), fertigation (n=4), and handwashing 
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(n=3), and the most used water treatment method was filtration (Figure 2). Additionally, 
half (n=8) of the 16 farms that used groundwater or surface water did not test their water.   
   
 
Figure 1. Type of water source used for pre-harvest strawberry production activities 
(N=20). 
Note: The frequencies are based on 20 farms for irrigation, fertigation (application of fertilizer materials 
























Surface water Municipal and groundwater




Figure 2. Type of water treatment methods used before pre-harvest water application 
(N=20). 
Note: The frequencies are based on 16 farms for irrigation and fertigation, 3 farms for frost protection, 
and 11 farms for pesticide application and 11 farms for handwashing. 
 
 
Animal Control Practices 
 Of the 20 farms, nearly half (n=9) raised livestock and none raised working 
animals. On most (n=6) of these 9 farms, animal sheds were located at a safe distance (50 
feet) from production fields. Distances between animal sheds and water sources were 
reported on only 6 farms and all (n=6) farms had water sources at a safe distance. Nearly 
all (n=18) farms had one or more animal prevention measures, with fences being the most 
(n=18) commonly used method (Table 2). Most farms had no signs of domesticated 

























foot tracks (n=12), feces (n=17), and trampling (n=17), on a majority of the farms (Table 
2).  
   
Biological Soil Amendments of Animal Origin (BSAAO) Practices 
 Only 4 of 20 farms used BSAAO for strawberry production. Of these 4 farms, 
most (n=3) used a safe BSAAO source (Table 2). All 4 of these farms obtained BSAAO 
from a supplier rather than producing on their own farm. Three farms had a separate 
vehicle for BSAAO transportation and 2 had a designated storage space for BSAAO 
handling tools. BSAAO were stored on 3 farms with established contamination 
prevention measures (Table 2). However, BSAAO storages were not located at a safe 
distance (250 feet) from strawberry production fields or water sources on 2 farms.  
 
Harvesting and Packing Practices 
 Less than half (n=8) of the 20 farms had harvest carts for strawberry harvesting 
(Table 2). Of those farms, harvest carts were cleaned at 7 of the farms and sanitized at 2 
farms (Table 2). Of the 20 farms, the most (n=19) common harvest container was the 
bucket/pail, followed by the box (n=6), the clamshell (n=5), and the bin (n=1). The 
strawberry packing method was reported on 17 farms, and field packing was used by 






Storage and Transportation Practices 
 Packed strawberries were stored or transported by less than half (n=9) of the 20 
farms. Only 5 of these 9 farms that transported packed strawberries had a separate vehicle 
for transporting fresh produce. 
 
Miscellaneous Practices 
 Food safety signage was posted on nearly half (n=11) of the 20 farms to 
communicate RMP. Of these, signages related to proper handwashing, proper strawberry 
















Table 2. Physical attributes associated with implementation of pre-harvest RMP. 









 Physical attributes   
 Type of protective clothing   
   Gloves 14 13 
   Face mask 14 10 
   Overalls 14 2 
   Apron 14 4 
   Boots/shoe cover 14 5 
  Protective clothing use   
   Harvesting 19 13 
   Packing 16 10 
   BSAAO handling 4 3 
  Bathroom   
  Adequacy of toilets 20 19 
 Toilet types   
  Portable 19 6 
 In-house 19 9 
 Permanent 19 7 
 Un-leaked portable toilets 6 6 
 Unlocked bathrooms 19 19 
 Toiletry resources   
  Toilet paper 19 19 
 Trash receptacles 19 17 
 Wash water 19 15 
Cleaned bathrooms   
  Toilet 19 19 
  Sink 18 17 
  Wall 19 18 
 Conveniently located bathrooms 19 18 
HWS   
  Adequacy of HWS 20 19 
 Resources in HWS   
  Potable running water 19 19 
 Soap 19 19 
 Hand sanitizer 19 14 
 Single use paper towels/hand dryer 18 18 
 Conveniently located HWS 19 19 
  Cleaned HWS 14 14 
 Body fluid kit 20 1 
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 Physical attributes   
  Drip irrigation system 20 20 
 Backflow devices 19 17 
 Safe water sourcea   
   Irrigation 20 9 
  Frost protection 4 2 
  Pesticide application 18 9 
 Fertigation 20 8 
  Handwashing 20 12 
 Conditions   
  Water collect for testing 16 11 










 Physical attributes   
  Animal prevention measures   
 Fencing 20 18 
Netting 20 0 
Decoys 20 5 
Noise deterrent 20 4 
Tactile repellent 20 0 
 Conditions   
 Animal access   
  Animal on farm   
 Domesticated animals 19 1 
 Wild animals 19 7 
 Animal intrusion sign   
 Foot tracks 20 8 
 Animal feces 20 3 
 Trampling 20 3 










Physical attributes   
  Types of BSAAO   
  Stabilized/treated compostb 4 2 
 Treated manurec 4 1 
 Aged manure 4 1 
Separate vehicle to transport BSAAO 4 3 
Designated storage space for handling tools 4 2 
Contamination prevention measures for 
BSAAO storage 
  
  Covered area 3 2 
 Covered piles 3 0 
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Category  Item Sample Size (N*) Farms (n) 
 Built berms 3 0 
 Away from high foot traffic areas  3 3 
 Fencing around the pile 3 0 
 Stored in a sealed bag 3 1 
 Stored in downhill 3 1 
 Stored in bags 3 1 
Conditions   
 Use of BSAAO 20 4 













Physical attributes   
  Harvest cart 20 8 
 Cleaned cart bed 7 7 
 Covered cert bed 8 3 
 Harvest container type   
  Clamshell 20 5 
 Bucket/pail 20 19 
 Box 20 6 
 Bins 20 1 
Conditions    
 Cleaning and sanitizing of harvest cart   
  Clean 8 7 
 Sanitize 8 2 
 Cleaning frequency of harvest cart   
  Daily 8 4 
 Weekly 8 1 
 As needed 8 3 
 Strawberry packing method   
  Field packing 17 13 
 In-house packing 17 6 
* Sample size for each item varied as all items in the checklists were not applicable to all farms, some data 
could not be assessed due to the strawberry off-season. 
a Safe water source defined here as municipal water or treated groundwater/ surface water. 
b Stabilized compost means a stabilized (i.e., finished) biological soil amendment produced through a 
controlled composting process. 
c Treated manure means treated animal excreta, alone or in combination with litter (such as straw and 











Physical Attributes Associated with Post-Harvest Handling and Sanitation Practices 
 Most farms that engaged in post-harvest practices had the physical attributes to 
conduct post-harvest sanitation practices. For example, 6 of 10 farms had 
microbiologically tested water for cleaning and sanitation of food-contact surfaces. Use 
of sanitizers was reported on 9 farms, and all (n=9) used sanitizers on food-contact 
surfaces. Moreover, the availability of written standard operating procedures was 
reported on 10 farms with most (n=6) having operating procedures for cleaning and 
sanitization. 
Strawberry processing activities were conducted on 4 farms, and the most 
commonly used processing activities were washing (n=3), cooling (n=3), and slicing 
(n=3) (Table 3). In-house packing was conducted by 6 farms, and most (n=5) had 
packing houses that were closed to the environment (Table 3). Packing facilities on each 
farm (n=6) consisted of one or more pest control measures and the most (n=4) common 
pest control measure was closing the doors (Table 3). The characteristics of packaging 
material storage were reported on 14 farms. Of those 14 farms, all stored packaging 
materials in a covered and cleaned place, and 12 farms stored packaging materials off the 
floor. Contamination prevention measures in strawberry storage were reported on 7 
farms, all of which stored packed strawberries off the floor and in a cleaned area. Pest 
control measures used for produce storage were reported on 7 farms. Of those 7 farms, 
closing open doors (n=7), traps (n=3), and chemical (n=1) were the only used pest control 
measures (Table 3). Cleanliness of strawberry transportation vehicles were reported on 7 
farms and all (n=7) had visibly clean transportation vehicles. 
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Table 3. Physical attributes associated with post-harvest handling and sanitation. 
 
Item Sample Size (N*) Farms (n) 
Physical attributes   
 Pest control measures – packing facility   
  Netting open door  6 0 
  Closing open door 6 4 
  Tactile repellent 6 1 
  Traps 6 3 
  Chemicals 1 1 
 Pest control measures – strawberry storage   
  Netting open door  7 0 
  Closing open door 7 7 
  Tactile repellent 7 0 
  Noise deterrent 7 0 
  Traps 7 3 
  Chemicals 7 1 
 Type of packing facility   
  Closed to the environment 6 5 
  Partially enclosed to the environment 6 1 
 Cleaned transportation vehicles 7 7 
Conditions   
 Strawberry processing methods   
  Washing 4 3 
  Cooling 4 3 
  Freezing 4 2 
  Coring 4 2 
  Slicing 4 3 
  Manufacturing food products  4 2 
* Sample size for each item may varied as all items in the checklists were not applicable to all farms, some 










Compliance Scores of Physical Attributes for RMP Implementation 
 Table 4 summarizes the score analysis results of physical attributes for each RMP 
category – (1) worker hygiene, (2) agricultural water, (3) animal control, (4) biological 
soil amendments of animal origin (BSAAO), (5) harvesting and packing, (6) storage and 
transportation, (7) miscellaneous, and (8) post-harvest handling and sanitation. Overall, 
the compliance score percentage of the physical attributes for all RMP was greater than 
50.0%. The highest compliance score percentage (90%, 18) was received for animal 
control. The lowest compliance scores percentages were received for miscellaneous items 




























Table 4. Summary of compliance scores calculated for physical attributes to implement 
RMP.  
 
Category Maximum Possible Score* Total Score
† Percent (%) 
Worker Hygiene 354 302 85.3 
Agricultural Water 121 77 63.6 
Animal Control 20 18 90.0 
BSAAO Handling 15 11 73.3 
Harvesting and Packing 15 10 66.7 
Storage and Transportation  9 5 55.6 
Miscellaneous 20 11 55.0 
Post-Harvest Handling and 
Sanitation 
182 148 81.3 
* Total scores of each category if all items in each category are compliant with RMP implementation. 


















We aimed to determine the physical attributes associated with implementation of 
RMP on very small to small-sized strawberry farms (two acres or less) in the SEUS. Our 
research question was: What physical attributes are available to implement RMP on very 
small to small-sized strawberry farms in the SEUS? Although the findings of this study 
cannot be generalized to all strawberry farms of 2 acres or less in the SEUS states, this 
study provides a good overview of their physical attributes, as the study contains data 
from 10 of 13 SEUS states. 
 
Farm Characteristics 
All growers used the plasticulture production system, presumably because of its 
advantages (e.g., improving yield, conserving soil moisture, and providing easier picking 
access) (Freeman & Gnayem, 2005; Poling et al., 2005; Samtani et al., 2019). 
Importantly, the plasticulture method prevents direct contact between the fruit and the 
soil, thus reducing microbial contamination (Poling et al., 2005). In addition, most 
strawberry farms in this study used seasonal (n=11) and H-2A workers (n=5) as part-time 
workers, who are often non-English speaking and less educated (Arcury & Marín, 2009; 
Culp & Umbarger, 2004). Therefore, learning about RMP can be a challenge for them 
because the farm owner might not speak their language, creating a communication 
barrier. Most growers also had U-Pick operations, and this made ensuring strawberry 
safety is often a challenge due to a large variety of customer types, including kids, as well 
as a lack of control over them. For example, customers who are sick or carry pathogens 
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can spread disease to other customers and workers by contaminating harvest containers, 
facilities, and unpicked strawberries (Woods & Thornsbury, 2005). With this problem in 
mind, a study of 17 small growers also found that most (94%) small growers reported on-
farm consumer behavior as a source of contamination (Parker et al., 2012). 
 
Physical Attributes Associated with Implementation of RMP 
 Many of the farms had physical attributes in place to implement RMP with some 
exceptions. Most did not have a body fluid kit presumably because they do not believe it 
is important. At present, no reported outbreaks have been attributed to body fluid 
contamination events on farm; however, the inability to properly clean body fluids due to 
a lack of a body fluid kit can lead to the spread of foodborne pathogens (CDC, 2007; 
Cheesbrough et al., 2000; Evans et al., 2002; Kuritsky et al., 1984; Patterson et al., 1997). 
In addition, U-pick customers did not have access to toilets and HWS on some farms. If 
customers do not have access to toilets, they may defecate or urinate on the farm, which 
can spread pathogens to strawberries, as fecal–oral route is the most common way for 
produce to become contaminated (Gorgo-Gourovitch et al., 2019). Also, lack of HWS 
can increase the risk of foodborne illnesses, as pathogens are easily spread by unclean 
hands  (Gould et al., 2013; Harrison et al., 2013; Todd et al., 2007). The estimated cost of 
renting toilets and HWS for a 2 acre small farm is US$92 per month, and due to this high 




The use of unsafe water sources, such as groundwater and surface water, without 
subsequent water treatment or testing was also reported. This can lead to pathogen 
contamination as evident by the number of reported foodborne disease outbreaks (Gelting 
& Baloch, 2013; Gelting et al., 2011; Greene et al., 2008 ). Estimated annual water 
testing costs for surface water and groundwater are $550 and $440, respectively (FDA, 
2011). Due to this high cost, growers may choose not to test their water. Along with this 
testing, grower knowledge and concern regarding water quality can lead to use of unsafe 
water sources. For example, a study of 246 growers showed that most (66%) agreed that 
the source of irrigation water does not spread pathogens (Hultberg et al., 2012). Further, 
only 14% of 31 growers concerned water quality as a preventive action (Parker et al., 
2012). Furthermore, Pivarnik and colleagues (2018) reported that well water is generally 
considered by most (56% of 301 growers) growers to be the safest source for irrigation. 
In addition, it was found that production fields and water sources on some farms 
were not at a safe distance from contamination sources, such as animal sheds and 
BSAAO storages. Due to this close proximity, pathogens from contaminated sources can 
be spread due to runoff, such as rainfall and snow melt, hence contaminating strawberry 
production fields and water sources (CDC, 2016; FDA, 2020b; Gelting & Baloch, 2013). 
Animal access, such as visual signs of domesticated and wild animals and animal 
intrusion indications (i.e., feces, trampling), to production fields on some farms was also 
reported (Decol et al., 2017). This can lead to contamination of strawberries by pathogens 
through animals, their feces, and through intermediate vectors (i.e., insects and vermin) 
(Erickson & Doyle, 2012; Gardner et al., 2011; Jay et al., 2007; Laidler et al., 2013). 
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Because most farms had prevention measures (i.e., fences, decoys, noise deterrents) to 
control animals, the animal access to the production fields could be due to the 
ineffectiveness of preventive measures used (Parker et al., 2012), a lack of maintenance 
of animal prevention measures, or the deliberate or unintentional allowance of livestock 
or pets in the production areas. For example, Sinkel and colleagues (2018) reported that 
25% of 160 growers did not identify that wild and/or domestic animals walking through 
farm as a source of contamination. 
Additionally, nearly half of the farms did not have food safety signage. The farm 
owners may not to choose to post food safety signage because they might think customers 
are already aware of RMP (Eggert & Root, 2010). Also, Pivarnik and colleagues (2018) 
found that 91% of 301 growers stated that U-Pick customers should be aware of RMP 
prior to harvesting. This awareness may lead farm owners to think customers know RMP, 
resulting in a lack of food safety signage. Grower lack of concern and unawareness of the 
importance of food safety signage also would be the possible reasons.  
Lack of trash receptacles with lids, lack of designated storage space for cleaning 
chemicals and tools, and lack of microbiologically tested water related to post-harvest 
processing were also reported on some farms. The lack of these items could be due to the 
concerns of growers for implementation of RMP and a lack of awareness among growers 
about RMP. For example, Ivey and colleagues (2012) found that only less than 50% of 
210 growers strongly agreed that storage containers, transportation equipment, processing 
equipment, and wash water can act as a potential source of contaminations. Also, one 
survey study conducted using 160 growers found that less than half small growers (2 
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acres) did not manage packing facility sanitation and transportation (Sinkel et al., 2018). 
Furthermore, Sinkel and colleagues (2018) found that nearly only half growers (N=160) 
identified cross contamination in storage, display or preparation (51%); transport vehicles 
(45%); refrigeration or cooling (28%); produce wash and rinse water (36%); and 
transport containers (52%) as possible source of contaminations. The cost associated with 
purchasing and maintaining physical attributes also can contribute to the lack of these 
items (Sinkel et al., 2018). 
 
Compliance Scores of Physical Attributes for RMP Implementation  
Compliance score analysis results showed that the highest (90%, 18) score percent 
of physical attributes was related to animal control. Growers used animal prevention 
measures probably due to the outbreaks related to animal and their feces (Erickson & 
Doyle, 2012; Gardner et al., 2011; Jay et al., 2007). Importantly, in 2011, 15 cases of 
illnesses were reported due to the consumption of locally grown strawberries that had 
been contaminated with deer feces, resulting 2 deaths (Laidler et al., 2013). The lowest 
(55%, 11) compliance score percent was reported related to food safety signage; this is 
likely because growers might think customers are already aware of RMP (Eggert & Root, 
2010; Pivarnik et al., 2018). Furthermore, growers might not be aware of importance of 
food safety signage or they might not have access to food safety signages. For example, a 
study conducted to develop food safety education posters as on-farm visual aids to 
reinforce RMP, reported that many growers were very interested on posters and that these 
posters filled the barriers they had to implement RMP (Critzer, 2016). Additionally, the 
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second lowest (55.6%, 5) score percent was received for the storing and transportation of 
strawberries. Thus, interventions should focus attention towards posting food safety 
signage on farms and ensuring safe storage and transportation of strawberries. 
 
LIMITATIONS 
 We intended to complete the study data collection between March 2020 and April 
2020, but due to the COVID-19 pandemic, data collection activities had to be postponed 
until June 2020. Therefore, we could not assess all the physical attributes of the farms 
because of the strawberry off season in many southeastern states. Also, we could not 
conduct assessments across all the 13 southeastern states because of restrictions regarding 
in-person human subject assessments related to the COVID-19 pandemic. Because in-
person assessments are expensive and time consuming, on-farm assessments from each 
state were limited to two farms. Therefore, these results may not represent the physical 
attributes of all very small to small-sized strawberry farms in the SEUS. 
 
CONCLUSIONS 
  Our on-farm assessment revealed the physical attributes available to implement 
RMP on strawberry farms of two acres or less in the SEUS based on 20 farms. We found 
that most farms had the physical attributes to implement RMP, including drip systems for 
irrigation, sanitary facilities with handwashing aids, and animal prevention measures. 
However, lack of physical attributes on some farms, such as a body fluid kit and a safe 
water source for strawberry production, can negatively impact the implementation of 
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RMP, thus increasing the risk of pathogen contamination. Knowing the availability of 
these physical attributes can help one develop effective educational interventions 
targeting small strawberry farms to better implement RMP. The main barrier to RMP 
implementation on small farms is assumed to be the associated cost. Additionally, 
growers’ knowledge, ease of execution, and grower perceptions towards RMP also can 
impact RMP implementation. Therefore, these small growers need to be educated on how 
to implement RMP through the proper use of available attributes or the introduction of 
low-cost and cost-effective methods. The compliance score analysis results suggest that 
future works should pay more attention to food safety signage and safe storage and 
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Consumption of fruits and vegetables is increasing worldwide. With increased 
consumption, the number of produce-related foodborne disease outbreaks might increase, 
as a large volume of produce is eaten raw with no kill step. Strawberries, the third largest 
non-citrus fruit crop in the United States, are mostly eaten raw, and have been linked to 
32 outbreaks in the United States between 1997 and 2017. Very small to small-sized 
strawberry farms are common in the United States, presenting challenges to 
implementing risk management practices (RMP). At present these farms are not required 
to receive mandatory training under the Produce Safety Rule, possibly resulting in RMP 
not being implemented.  
A new approach is needed to enhance implementation of RMP on very small to 
small-sized strawberry farms using implementation science methodology. An underlying 
principle of implementation science is the setting context, which is necessary for the 
successful implementation of an intervention. We conducted an on-farm environmental 
assessment to determine the physical attributes available on very small to small-sized 
strawberry farms to implement RMP. The two objectives of this study were: (1) 
determine the relationship between environmental characteristics (i.e., physical attributes) 
of produce farms and RMP, and (2) determine the physical attributes of very small to 
small-sized strawberry farms (two acres or less) in the southeastern United States for 
implementation of RMP.  
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A systematic literature review was first conducted to determine the relationship 
between the physical attributes of produce farms and implementation of RMP using the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses principles. Our 
review highlighted the physical attributes available to implement RMP on produce farms 
based on 36 studies. Some farms did not have physical attributes to implement RMP, 
which can negatively impact the implementation of RMP. Most studies in our sample 
reported either the presence/absence or the conditions of the physical attributes, with only 
one study testing the relationship between the physical attributes and RMP. Therefore, 
future research should be designed to determine the relationship between physical 
attributes and implementation of RMP. In addition, more studies need to be conducted in 
developing countries given the volume of imports into developed countries. The quality 
assessment of the studies suggests that future studies should be more rigorously designed 
and executed, and properly reported to provide better quality evidence. 
We then conducted an on-farm environmental assessment of strawberry farms, 2 
acres or less, in the southeastern United States to collect data about farm physical 
attributes to implement RMP. Most strawberry farms in our sample had physical 
attributes to implement RMP, but some were lacking, illustrating that there are 
opportunities to contaminate strawberries during production activities. These findings can 
be used to inform the development of training and education interventions aimed at 
increasing RMP adoption for very small to small-size strawberry farms. While the 
present study characterized the physical attributes available to implement RMP on very 
small to small-size strawberry farms during production, RMP must be implemented after 
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the production stage as well, in areas like processing, distribution, retail, and preparation. 
At the present, characterization of RMP after the production stage is unknown, so further 
research could characterize the environments after the strawberry production to minimize 
strawberry-associated foodborne illnesses. Further, strawberry U-pick operations are very 
common among very small to small-size strawberry farms, but limited information is 
available regarding what RMP are conducted by U-pick strawberry growers. Therefore, 
future studies should also be more focused on RMP related to U-pick growers. Finally, 
purchasing physical attributes requires additional cost, so educational interventions and 
training should be more focused on introducing low-cost and cost-effective methods to 





























































GROWER CONSENT FORM 
Clemson University and University of Arkansas 
Informed Consent Form  
On-Farm Environmental Assessment of Very Small to Small-Sized Strawberry Farms  
in the Southeastern United States 
 
Principal Investigator:  Angela M. Fraser, Ph.D., Clemson University 
Co-Investigators:  Kristen Gibson, Ph.D., University of Arkansas      
 
BACKGROUND  
Of the 48 million Americans sickened each year with a foodborne disease, 5 million of these 
cases are attributed to eating contaminated fresh fruits and vegetables. From 1998 to 2012, 10 
outbreaks have been linked to the contamination of U.S.-grown fresh strawberries.  As part of a 
USDA-funded study, researchers at Clemson University and the University of Arkansas are 
developing a food safety training module targeting very small and small strawberry producers.   
 
PROCEDURES 
Our study is being conducted on small to very-small strawberry farms in five southeastern states -
- Arkansas, Georgia, North Carolina, South Carolina, and Tennessee. If you agree to participate, 
you will first complete a short survey so we can assess general characteristics about your farm. 
Then, a member of our research team will visit your farm to conduct an environmental 
assessment.  The on-farm visit will take approximately 2-3 hours. On-farm visits will begin in 
November 2019 and assessments will be conducted through March 2020. The survey will be 
mailed (email or hard copy) prior to the on-farm visits and completed surveys will be collected 
during the on-farm visit. Data collectors will record data on a checklist. The farm layout will also 
be sketched during the on-farm visits using ArcMap 10.7. Photographs of the farms will be taken 
if allowed by the grower. 
 
RISKS 
The probability and magnitude of harm or discomfort anticipated during the study will be no 
greater than what you would encounter in daily life or during the performance of routine physical 
or psychological examinations or tests.  
 
BENEFITS 
Our findings can be used to inform the development of food safety interventions targeting the 
unique needs of small and very-small strawberry farms so your participation is critical.  
 
CONFIDENTIALITY 
The information we collect will be kept strictly confidential as allowed by law. Any suspected 
violations will not be reported to the state inspection agency. The data we collect will be entered 
into an electronic database. All data will be stored with a unique identification number so that 
your name and the name of the farm is not connected to the data. All data will be stored securely. 





We might be required to share the information we collect from you with the USDA, the project 
funder, Clemson University Office of Research Compliance, and the federal Office for Human 
Research Protections. If this happens, the information would only be used to determine if we 
properly conducted the study as well as protected your rights during data collection. 
 
CONTACT 
If you have questions at any time about the study or the procedures, you may contact the 
researcher, Angela M. Fraser, at 206 Poole Agricultural Center, Clemson University, Clemson, 
SC 29634 or at 864.656.3652 (office phone).  You may also contact the Clemson University 
Office of Research Compliance at irb@clemson.edu, 864.656.0636, or toll-free at 866.297.3071 
if you have questions about your rights as a research participant. 
 
PARTICIPATION 
Your participation in this study is voluntary; you may decline to participate without penalty.  If 
you decide to participate, you may withdraw from the study at any time.  If you withdraw from 
the study before data collection is completed, your data will be destroyed. 
 
CONSENT 
I have read and understand the above information.  I have received a copy of this form.  I agree to 
participate in this study.  
 
 
Your signature________________________________ Date _______________________ 
 
 




DATA COLLECTOR INTEREST FORM 
Researchers at Clemson University and the University of Arkansas are developing an 
‘add-on’ food safety curriculum to assist very small to small-sized strawberry 
growers in the southeastern United States. As part of this project, we are assessing the 
environmental context (i.e., operational and physical characteristics) of very small to 
small-sized strawberry farms (2 acres or less). We believe this information is essential 
to creating a curriculum that meets the unique needs of very small and small-sized 
strawberry farms.   
 
We aim to conduct assessments in each of the 13 southeastern states, so we need your 
help. We are recruiting data collectors from each of the southeastern states -- 
Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North 
Carolina, Oklahoma, South Carolina, Tennessee, Texas, and Virginia. If you agree to 
participate in this study, we ask that you complete and return the attached interest 
form by March 2, 2020. Participating data collectors will be asked to take part in a 
short training webinar (approximately 30 minutes) to learn about the data collection 
protocol.   
 
DATA COLLECTION TASKS: 
All data collectors would be expected to complete the following:  
• Recruit 2-3 very small to small-sized strawberry farms (2 acres or less) within 
your state. 
• Conduct a site visit at each farm. The site visit requires that you: 
 Complete an environmental assessment checklist. 
 Draw a map of the farm layout, which includes. 
‒ Location of the production fields and U-pick fields. 
‒ Contamination sources (e.g., location and distance to biological soil 
amendment piles, animal raising pens, wooded area, surface water 
retention ponds). 
‒ Farm structures (e.g., post-harvest facility, bathrooms, handwashing 
stations, fencing). 
 Report any difficulties or issues encountered regarding data collection. 
 Complete the data collection between March 2020 and April 2020. 
 Scan and email us the completed checklist and farm layout. 
• We anticipate that the site visit will take no more than 1-2 hours. 
• You will be given the checklist, a distance meter, and mapping grid sheets to 
complete the assessment. Ideally, you would need a tablet to assist in the farm 
mapping.  
ENVIRONMENTAL ASSESSMENT OF VERY SMALL TO SMALL-
SIZED STRAWBERRY FARMS 
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Please return the attached form to Angela Fraser at afraser@clemson.edu by March 
2, 2020.   
 
 






































Clemson University  
Angela M Fraser, Ph.D. 
Food, Nutrition, & Packaging Sciences 
206 Poole Agriculture Center 
Clemson, SC  29634 
(864) 656-3652 
afraser@clemson.edu 
University of Arkansas  
Kristen E. Gibson, Ph.D. 
Food Science 
2650 North Young Avenue 
Fayetteville, AR 72704 
(479) 575-6844 
keg005@uark.edu 
This study is part of a USDA-NIFA project grant aimed to reduce the burden of 











































































































DATA COLLECTION FORM CHECKLIST 
 
ENVIRONMENTAL ASSESSMENT OF VERY SMALL TO SMALL-SIZED 
STRAWBERRY FARMS 
Data Collection Form Checklist 
 
Data collector identification:  
Data collection date:  
Farm name:  
State:  
 
SECTION DESCRIPTION CHECKED WHEN COLLECTED 
Consent Form ☐ 
Environmental Assessment Checklist 
 Questions to Ask 
 Part 1. Farm information ☐ 
Part 2. Worker health and hygiene ☐ 
Part 3. Agricultural water ☐ 
Part 5. Biological soil amendments ☐ 
Part 6. Harvesting and packing ☐ 
Part 7. Storage and transportation ☐ 
Observation Items 
 Part 1. Farm information ☐ 
Part 2. Worker health and hygiene ☐ 
Part 3. Agricultural water ☐ 
Part 4. Animal control ☐ 
Part 5. Biological soil amendments ☐ 
Part 6. Harvesting and packing ☐ 
Part 9. Miscellaneous ☐ 
Post-harvest Addendum Checklist 
 Questions to Ask  
 Part 6A. Post-harvest -- Handling and sanitation ☐ 
Part 6B.  Post-harvest -- Processing  ☐ 
Observation Items  
 Part 6A. Post-harvest -- Handling and sanitation ☐ 
Part 7A.  Post-harvest -- Storage and transportation ☐ 
Farm Layout ☐ 
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